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Abstract

Characteristics of a liquid-vapor interface where
a nonequilibrium condensation flow exists are con-
sidered based on molecular dynamics simulations.
The condensation coefficient, the velocity distri-
butions of the reflected and evaporated molecules
and the number flux of the evaporated molecules
are compared with those under the liquid-vapor
equilibrium.

The comparison shows that the condensation
coefficient under the nonequilibrium condensation
is slightly larger and the number flux of the evapo-
rated molecules is considerably smaller than those
under the liquid-vapor equilibrium.

The net condensation flux under the nonequi-
librium condensation is underestimated if it is eval-
uated from the condensation coefficient and the
number flux of the evaporated molecules under the
liquid-vapor equilibrium. However the underesti-
mation is relatively small.

Introduction

Phase change at liquid-vapor interfaces is an
important factor in the analysis of two phase flows
related to propulsion systems. For example, cav-
itation, which is observed in turbopumps of lig-
uid propellant rocket engines, is a phenomenon in
which condensation and evaporation play an im-
portant role. In particular, significant nonequi-
librium condensation occurs at liquid-vapor inter-
faces of collapsing cavitation bubbles, and physi-
cal properties inside the bubbles strongly depend
on the phase change characteristics. In order to
analyze such phenomena as bubble collapse, it is
necessary to evaluate phase change fluxes exactly
under liquid-vapor nonequilibrium conditions.

A thermal nonequilibrium field, for example va-
por adjacent to a liquid surface called a Knudsen
layer, is often treated based on kinetic theory of
gasses*?). In the numerical analysis based on ki-
netic theory, boundary conditions at the liquid-
vapor interface are vary important. They are
a condensation coeficient (number ratio of con-
densed molecules to all molecules incident from
vapor to the interface), velocity distributions of
reflected and evaporated molecules and a number
flux of evaporated molecules (hereinafter collec-
tively called the interface characteristic).

Liquid Bulk vapor

T T,

facs

Fig. 1. Schematic view of the condensation condi-
tion

Among many studies®”) on the interface char-
acteristic, one of the typical examples is that by
Tsuruta el al.®) They evaluated the interface char-
acteristic of Argon under liquid-vapor equilibrium
using molecular dynamics simulations. They as-
sumed that the interface characteristic depends
only on the temperature of the liquid surface, and
applied the boundary conditions constructed from
their molecular dynamics simulations to DSMC
simulations of nonequilibrium phase change with-
out any modification®. Molecular dynamics simu-
lations reported by Resjorde et al.!%11) and Kjel-
strup et al.!¥) support this assumption.

On the other hand, Chekinarev!®) showed
theoretically that a number flux of evaporated
molecules is affected not only by liquid characteris-
tics but also by vapor properties. Kotani el al.'?
experimentally found that a condensation coeffi-
cient of methanol increases with increase of vapor
temperature, and it decreases with increase of va-
por density. Matsumoto!® reported similar results
on Argon by molecular dynamics simulations. In
this way, it is likely that the interface characteristic
under the nonequilibrium phase change is different
from that under the liquid-vapor equilibrium even
when the temperature of the liquid surface is the
same.

Numerical Method

Numerical simulations under two conditions be-
low are carried out for the discussion of the inter-
face characteristic under nonequilibrium condensa-
tion.

Condensation condition : Noncquilibrium  con-
densation as schematically shown in Fig.1.

Equilibrium condition : Liquid-vapor equilibrium
at the same liguid surface temperature as the
condensation condition.
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Table 1: Input parameters. “[]” means a predicted value.

Condensation  Equilibrium

condition condition
Liquid surface temperature 7, (K) 102 1102]
Bulk vapor temperature T, (K) 114 [102]
Bulk vapor number density p,  (m~9) 8.03 x 10%  [3.67 x 10%9]
Saturation temperature Tsar  (K) — 102

Monoatomic molecules of Argon are treated as
the most fundamental example. Input parameters
are shown in Table 1.

The present study focuses on the difference in
the interface characteristics between the condensa-
tion and equilibrium conditions.

Molecular Dynamics Simulation

Molecular dynamics simulations are applied in
order to follow up molecular motion directly.

Figure 3 shows simulation systems. The rectan-
gular frames are the outer boundaries of the simu-
lation domains. Each black point represents a cen-
ter of a Argon molecule. High density regions on
the left sides and the remaining low density regions
correspond to the liquid and the vapor respectively.
Hereinafter, z denotes the direction normal to the
liquid-vapor interface, and y, z represent the par-
allel directions.

Each molecule moves based on the Newton’s
law. The equations of motion are integrated using
the velocity-Verlet method:

2
m"+1=x"+Atu"+A—tf" (1)
2m
At
un+1 =" + _(fn+1 +fn) (2)

2m

where z", u™ and f™ are a molecular position, ve-
locity and intermolecular force at the n-th time
step , At is the time interval and m is the mass
of a Argon molecule. Intermolecular force is evalu-
ated as a gradient of follwing Lennard-Jones(12-6)
potential:

o =e{(5)" - )"}

where ¢ is intermolecular potential, r is a inter-
molecular distance and o, € are potential parame-
ters. The parameters are listed in Table 2.

®3)

Boundary Condition

The simulation domain corresponds a part of
liquid and vapor layers which are infinite in y and
z directions shown in Fig4.

In order to consider the molecules out of the
simulation domain, counterparts of the simulation
domain are laied out as shown in Fig.4. In the fig-
ure, the periodic bondary conditions are applied in
y and z directions. In z direction, the counterparts
are placed in the following way.

1. The simulation domain is displaced symmet-
rically to each side plane.

2. The displaced domain is moved in y and =
directions by the half length of the simula-
tion domain in order to prevent interaction
between a molecule and its own counterparts.

Interaction between the molecules in the simu-
lation domain and those in the counterparts is also
taken into account.

Adjustment of Temperature and Density

For the simulation of the condensation condi-
tion, three properties are adjusted to the target
values shown in Table 1.

Two control regions are placed as shown in
Fig.3. Temperatures of the blue and red regions
are adjusted to the liquid surface temperature and
the bulk vapor temperature respectively by the
velocity-scaling method. That is, velocity of each
molecule in a control region is modified using the
following equation.
T/
U
where u and «’ are molecular velocities before and
after the modification, T and T’ are the temper-
ature before the modification and the target tem-
perature.

Density of the red region is fixed to the bulk va-
por density as follows. When the density is lower
than the target value, new molecules are added
to the region at random, and the same number of
molecules in the bufler region (the green region in
Fig.3) arc removed so that the liquid-vapor inter-
face stay at the same localtion. When the density
is higher, the opposite operation is carried out.

For the simulation of the equilibrium condi-
tion, temperature of the entire simulation domain
is adjusted to the saturation temperature by the
velocity-scaling method.

(4)

/
u =

Evaluation of Number Fluxes at the Liquid-
Vapor Interface

Classification of condensed, reflected and evap-
orated molecules is necessary in order to evaluate
the interface characteristic.

As shown in Fig.3, a reference plane is placed
2.0 (nm) apart from the plane where a density gra-
dient is the maximum (hereinafter called “the max-
imum gradient plane”). This reference plane can
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Table 2: Parameters of the molecular dynamics simulations

Time interval At (s) 5.0 x 1071
Mass of a molecule m  (kg) 6.64 x 10~26
Potential parameter ¢ (m) 3.405 x 10~10

e ) 119.5 k5
Cut off distance e (m) 350
Boltzmann constant kg (JK~!) 1.380658 x 1023

be regarded as the liquid-vapor interface for kinetic
theory of gases.

Molecules passing the reference plane are
marked as condensation, reflection or evaporation
in the following manner.

Condensation : A molecule incident to the refer-
ence plane from the vapor, that arrives at the
maximum gradient plane before it goes back
to the vapor.

Reflection : An incident molecule that goes back
to the vapor without arriving at the maximum
gradient plane.

Evaporation : A condensed molccule that passcs
the reference plane from the liquid to the va-
por.

Results and Discussion

Figures 5 and 6 show the condensation coef-
ficients, Figures 7 to 10 show the velocity distri-
butions of the reflected and evaporated molecules,
and Figure 11 shows the number fluxes of the con-
densed, reflected and evaporated molecules. In the
figures, “Condensation” and “Equilibrium” indi-
cate the results under the condensation and equi-
librium conditions respectively.

The velocity distributions of the reflected and
evaporated molecules are almost the same for two
conditions, while the condensation coefficients and
the number fluxes of the evaporated molecules are
different.

These results are discussed in detail here-
inafter.

Difference in the Condensation Coefficients
Figures 5 and 6 show that

1. The condensation coefficient increases
monotonously with the z velocity component
of the incident molecule.

2. The condensation coefficient is independent
of the y velocity component of the incident
molecule.

3. The condensation coefficient under the con-
densation condition is slightly larger than that
under the equilibrium condition.

The dependence of the condensation coeffi-
cient on the z velocity component of the inci-
dent molecule agrees with the result of Tsuruta’s

simulations®) carried out. under liquid-vapor equi-
librium.

The difference in the condensation coefficients
between two conditions can be explained as follows.

An molecule incident from the vapor to the ref-
erence plane collides with liquid molecules. Under
the condensation condition, the liquid molecules
have average velocity from the vapor to the liquid
as shown in Fig.2, while they are stationary on av-
erage under the equilibrium condition. Therefore.
average relative velocity between the incident va-
por molecule and the liquid molecules under the
condensation condition is smaller than that under
the equilibrium condition, resulting lower collision
probability and hence, the higher condensation co-
efficient.

Difference in the Number Fluxes of the
Evaporated Molecules

Figure 11 shows that the number flux of the
cvaporated molecules under the condensation con-
dition is considerably smaller than that under the
equilibrium condition.

Under the condensation condition, the vapor
temperature and density are larger than those un-
der the equilibrium condition. Therefore the prob-
ability that the molecules come out from the liquid
collide with the vapor molecules and reflect back
before they permeate the vapor, under the con-
densation condition is higher than that under the
equilibrium condition.

Net Condensation Flux

In most of the past studies based on kinetic
theory of gasses, the condensation coefficient and
the number flux of the evaporated molecules under
the equilibrium conditon are applied to the liquid-
vapor interface under the condensation condition.

In order to estimate the error caused by this as-
sumption, net condensation fluxes under the con-
denstion condition evaluated based on the past
method are compared with the present simulation
resuli.

Hereinafter, a and j denote a condensation co-
efficient and a number flux as functions of a x ve-
locity component u,, subscripts of “inc”, “evap”
and “net” represent all incident molecules, evapo-
rated molecules and net condensation, and super-
scripts of “cond” and “eq” mean the condensation
and equilibrium conditions.

When the condensation coefficient and the
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Fig. 2: Average flow velocity from the vapor to the
liguid under the condensation condition

number flux of the evaporated molecules under the
equilibrium condition are applied, the net conden-
sation fluxes under the condensation condition are
described as

oot = / dug 0% jeond / du,, jegns 5)

e = [ c jiznd - /dux g, (6

respectively, supporsing the number flux of all in-
cident molecules is constant.

Results are shown in Fig.12. The middle bar
shows the result of the molecular dynamics simu-
lation for the condensation condition (same as the
top of Fig.11). The red parts of the top and bot-
tom bars represent j/., and jI..

Figure 12 shows that the net condensation flux
is underestimated by appling the condensation co-
efficient and the number flux of the evaporated
molecules under the equilibrium condition. How-
ever, the difference of the condensation coeflicients
between two conditions is small, and the number
flux of the evaporated molecules is much smalier
than that of the condensed molecules under the
condensation condition. Therefore the underesti-
mation is relatively small.

Summary

The number fluxes and the condensation coef-
ficients at the liquid-vapor interface are evaluated
using molecular dynamics simulations. Results un-
der nonequilibrium condensation and the liquid-
vapor equilibrium, are compared.

The comparison revealed that

1. The condensation coefficient under the
nonequilibrium condensation is slightly larger
and the number flux of the evaporated
molecules is considerably smaller than those
under the liquid-vapor equilibrium.

2. The net condensation flux is underestimated
if it is evaluated based on the condensation
coefficient and the number flux of the evapo-
rated molecules which are evaluated from the
equilibrium simulation. However the underes-
timation is relatively small.
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Fig. 3: The simulation systems. The unit of length is nm.
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Fig. 4: Schematic view of the boundary condition. The center cell is the simulation domain, and the
others are counterparts of the simulation domain.
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